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Abstract
We study influence of gravitational field on the mass-energy equiva-
lence relation by incorporating gravitation in the physical situation con-
sidered by Einstein (Ann. Physik, 17, 1905, English translation in ref. [1])
for his first derivation of mass-energy equivalence. In doing so, we also
refine Einstein’s expression (Ann. Physik, 35, 1911, English translation
in ref. [3]) for increase in gravitational mass of the body when it absorbs
E amount of radiation energy.
1 Introduction
Different forms of mass-energy equivalence relation existed even before Ein-
stein’s first derivation of the relation [1] and which have been reviewed along
with other developments on the relation after the year 1905 (see Ref. [2] and
references cited therein). These relations were obtained in the absence of grav-
itational field. In this paper, we show that the presence of gravitational field
affects the mass-energy equivalence relation. In doing so, we include gravita-
tional field in the physical situation considered by Einstein [1] and derive the
general mass-energy equivalence relation which reduces to the well known Ein-
stein’s relation in the absence of gravitation. We also suggest refinement to the
expression, provided by Einstein [3], for increase in gravitational mass due to
the absorption of radiation energy E.
2 Analysis
Consider a ‘stationary’ reference frame Ss with coordinate axes x, y, z and an-
other moving reference frame Sv having coordinate axes x
′, y′, z′ which are par-
∗Email address: rvrpturb@uprm.edu
1
allel to axes x, y, z, respectively. Let Sv is moving along the x axis with a
constant translational velocity v as measured in Ss. At time t = 0 measured
in Ss, let the origins of Sv and Ss coincide. Also, consider these two reference
frames in the homogeneous gravitational field whose potential is Φs and Φv as
measured in Ss and Sv, respectively. For the homogeneous gravitational field
with acceleration of gravity γ and lines of force of the gravitational field in the
negative direction of the axes z and z′, we have Φs = Φv = γh. Here h is
distance along the z and z′ axis from the origins of Ss and Sv, respectively.
Consider a body W of massMs kept at rest in Ss on the z axis at a distance
h from the origin, i.e having coordinates (0, 0, h). At some instance it emits in
two opposite directions equal quantity of light having energy L/2 whereMs and
L are measured in Ss. The conservation of energy principle for this situation in
Ss can be written as
E0 = E1 + L
(
1 + Φsc2
)
√
1− Φ2s/c4
(1)
where E0 and E1 are, respectively, total energy of the body before and after the
emission of the light as measured in Ss and c is speed of light in Ss. It should
be noted that c depends on the gravitational field, written as [3]
c ∼= c0
(
1 +
Φs
c2
)
(2)
where c0 is speed of light in the absence of gravitational field, i.e. when Φs = 0.
The factor multiplying L in the last term takes into account gravitation of the
emitted energy L [3] and which reduces to 1 in the absence of gravitational field
i.e. Φs = 0.
It should be noted that the last term can be approximated as
L
(
1 + Φsc2
)
√
1− Φ2s/c4
∼= L+ L
Φs
c2
(3)
when c2 >> Φs. Einstein [3] considered this approximate expression L + L
Φs
c2 ,
representing summation of emitted energy L and gravitation of energy LΦsc2 , for
his derivation of gravitation of energy and showed increase in gravitational mass
equal to increase in inertia mass for any body when the body absorbs radiation
energy. Here we should mention that if, instead of approximate expression of
type L+ LΦsc2 , we consider more accurate expression of type L
(
1+
Φs
c
2
)
√
1−Φ2
s
/c4
in the
Einstein’s analysis [3] on increase in gravitational mass of the body when it
absorbs E amount of radiation energy, we would obtain this increase in mass
equal to
E
Φs
[ 1 + Φsc2√
1− Φ2s/c4
− 1
]
(4)
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instead of E/c2 as suggested by Einstein [3].
Now, the conservation of energy principle for the body W as observed from
Sv can be written as
H0 = H1 +
L√
1− v2/c2
(
1 + Φvc2
)
√
1− Φ2v/c4
(5)
where H0 and H1 are, respectively, total energy of the body before and after
the emission of the light as measured in Sv. While writing Eq. (5), we have
used expression
L√
1− v2/c2
(6)
for emitted energy as measured in Sv. Subtracting Eq. (1) from Eq. (5) and
using Φv = Φs yield
(H0 − E0)− (H1 − E1) = L[
1√
1− v2/c2
− 1]
(
1 + Φsc2
)
√
1− Φ2s/c4
. (7)
Now, the total energy of the body is summation of potential energy P , kinetic
energy K and energy related to internal state of the body which we refer here as
internal energy I. We now write total energies (E0, E1, H0 and H1) before and
after the emission in reference frames Ss and Sv in terms of potential, kinetic
and internal energies.
In Ss,
E0 =MsΦs +MsIs (8)
E1 = (Ms −ms)Φs + (Ms −ms)I ′s. (9)
Here Ms is mass of the stationary body W before the emission, ms is decrease
in mass of the body due to the emission, Is and I
′
s are internal energy per
unit mass of the body before and after the emission, respectively, and all are
measured in Ss in which the body is stationary all the time.
As measured in Sv, we denote the mass of the moving body W before the
emission by Mv, rest mass of the body before the emission when at rest in Sv
by M sv , decrease in rest mass due to the emission by m
s
v, potential energy per
unit mass by Φv, internal energy per unit mass of the body before and after the
emission by Iv and I
′
v, respectively. With these notations we can write total
energy of the body before and after the emission as measured in Sv as
H0 = K0 +M
s
vΦv +M
s
vIv, (10)
H1 = K1 + (M
s
v −msv)Φv + (M sv −msv)I ′v , (11)
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where K0 and K1 represent kinetic energies before and after the emission, re-
spectively. Substituting Eqs. (8)-(11) into Eq. (7), we obtain
K0 −K1 = L[
1√
1− v2/c2
− 1]
(
1 + Φsc2
)
√
1− Φ2s/c4
(12)
where we have used the fact that Ms = M
s
v ,ms = m
s
v,Φv = Φs and internal
energy per unit mass of the body is same in Ss and Sv, i.e. Iv = Is, I
′
v = I
′
s.
Further incorporation of expressions for kinetic energies K0 and K1 [4] yield
msc
2 = L
(
1 + Φsc2
)
√
1− Φ2s/c4
, (13)
exhibiting the effect of gravitation (through Φs) on the decrease in mass due to
the emission of energy L. When Φs = 0, this final Eq. (13) reduces to the well
known mass-energy equivalence relation L = msc
2
0 derived by Einstein [1].
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